Microstructure and oxygen storage capacity of Sr-modified Pt/CeO2–ZrO2 catalysts  by Ran, Rui et al.
Chinese Materials Research Society
Progress in Natural Science: Materials International
Progress in Natural Science: Materials International 2012;22(1):7–141002-0071 & 2012. C
and hosting by Elsev
Peer review under re
Society.
doi:10.1016/j.pnsc.20
Product
nCorresponding au
E-mail address: dwww.elsevier.com/locate/pnsmi
www.sciencedirect.comORIGINAL RESEARCH
Microstructure and oxygen storage capacity of Sr-modiﬁed
Pt/CeO2–ZrO2 catalystsRui Rana, Jun Fanb, Duan Wenga,naState Key Lab of New Ceramic and Fine Processing, Department of Materials Science and Engineering,
Tsinghua University, Beijing 100084, China
bThe Administrative Centre for China’s Agenda 21, Beijing 100038, China
Received 13 October 2011; accepted 6 December 2011
Available online 11 February 2012KEYWORDS
CeO2–ZrO2 mixed
oxides;
Strontium;
Platinum;
Micro-structure;
OSChinese Materials R
ier B.V. All rights
sponsibility of Chi
11.12.002
ion and hosting by El
thor. Tel./fax: þ86
uanweng@tsinghuAbstract Strontium was introduced into CeO2–ZrO2 mixed oxides (CZ) by doping and impreg-
nation methods, and then Pt was impregnated on the Sr-modiﬁed CZ to obtain the catalysts. X-ray
diffraction (XRD), X-photon spectra (XPS), high-resolution transmission electronic microscopy
(HRTEM) and H2 temperature programmed reduction (TPR) were carried out to characterize the
micro-structure and reducibility of catalysts. The oxygen storage capacity (OSC) was evaluated
with CO serving as probe gas. The results showed that the incorporation of Sr2þ in the lattice of CZ
could promote the OSC properties by increasing the structure defects and enhancing the diffusion
rate of oxygen from bulk to surface. For the Sr-impregnated sample, the strong metal–support
interaction (SMSI) between Pt and CZ was interrupted, since Sr covered partial surface Ce species.
Such interruption retarded the back-spillover effect occurring at the Pt/Ce interface at low
temperature, resulting in the loss of OSC. Meanwhile, it was found that a part of impregnated Sr2þ
could partially diffuse from the surface to the inner atomic layers of CZ and partially incorporated
in the lattice during the calcination. The OSC performance of Sr-impregnated sample therefore
climbed remarkably with the rise of temperature.
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a.edu.cn (D. Weng). 1. Introduction
Because of the outstanding oxygen storage capacity (OSC)
and thermal stability, CeO2–ZrO2 mixed oxides (CZ) have
been widely applied as oxygen storage components in three-
way catalysts (TWCs). To fulﬁll the rigorous regulations on
emission control, many studies were dedicated to the
optimization of the preparation method and formulation
of CZ, aiming at higher OSC and thermal stability [1,2]. The
doping of rare earth elements (Pr [3,4], Nd [3,5], Tb [6], La
[7] and Y [4,6], etc.) and transient metals (Fe [4], Cu [8,9],
R. Ran et al.8Mn [10] and Ti [4], etc.) were attempted, and the effect of
composition [11–13], phase structure [14–16] and atomic
arrangement in crystal lattice [17,18] on the thermal stability
and OSC properties of CZ were systematically investigated.
On the basis of the above research, it was acknowledged
that the oxygen vacancy was the key factor in enhanc
ing oxygen mobility and consequently promoting the OSC.
The lattice distortion and the compensation effect intro-
duced by the ionic radius difference and charge difference,
were all responsible for the variation of oxygen vacancies
concentration.
The effects of alkaline-earth-metal doping on the OSC
properties and the thermal stability of CZ have drawn great
attention in recent years. CaO was reported to be able to
create strain in the ﬂuorite-type CeO2–ZrO2 lattice and
strongly modify the oxygen handling properties [10]. It also
could give the minimum association enthalpy between dopant
ions and oxygen vacancies [19], suggesting the improved
oxygen mobility in CaO–CeO2–ZrO2 materials. In our pre-
vious work, we found that the ageing-treatment-induced
segregation of CZ phases could be restricted by the incorpora-
tion of Sr2þ. On the other hand, a portion of surface Sr
coordinated with ZrO2 to form SrZrO3 phase during the
ageing process and exhibited more evident effect in decelerat-
ing the crystallization and sintering of oxide particles. More-
over, oxygen ions located at the SrZrO3/CeO2–ZrO2 interface
are tentatively considered to be of higher activity and are
consequently responsible for the promoted OSC properties,
due to the atomic reorganization and more oxygen vacancies
at the interface [20].
In this work, we introduced strontium to the thermally aged
CZ by both doping and impregnation method. Then Pt was
loaded on, in order to obtain two types of Pt/Sr/CZ catalysts.
The microstructure, textural properties, as well as the reduci-
bility of the catalysts were characterized by HRTEM, XRD
and TPR, respectively, and the OSC of all samples were
evaluated by using CO oxidation as probe reaction, to ﬁgure
out the effect of Sr the distribution of Sr2þ on the physical/
chemical properties of Pt/CZ catalysts, as well as the relation-
ship between the micro-structure and OSC.2. Experimental
2.1. Catalyst preparation
Fresh CZ and Sr-doped CZ (CZS) were prepared by oxidative
co-precipitation method, which was reported in our previous
work [20]. CZ and CZS powders were aged at 1050 1C in air
for 5 h to obtain the aged supports, which were named as CZa
and CZSa, respectively. Another type of Sr-modiﬁed CZ,
denoted as SrCZa, was prepared by impregnating CZa in the
aqueous solution of Sr(NO3)2 and subsequent calcinations at
700 1C for 1 h for the decomposition of Sr(NO3)2. CZa, CZSa
and SrCZa were then impregnated in the aqueous solution of
H2PtCl6 and submitted to calcinations at 500 1C for 3 h, and
the obtained catalysts were denoted as PtCZa, PtCZSa and
PtSrCZa, respectively. The atomic ratio of Ce:Zr in all the
samples was 67:33 and the theoretical mass percentage of SrO
in the Sr-containing samples was 3 wt%. The weight percen-
tage of Pt in all the catalysts was 2 wt%.2.2. Characterizations
X-ray diffraction (XRD) was performed for phase identiﬁca-
tion using a Japan Rigaku D/max-2500 diffractometer
employing CuKa radiation (l¼1.5418 A˚). The X-ray tube
was operated at 40 kV and 300 mA. The X-ray powder
diffractograms were recorded at 0.021 intervals in the range
201r2yr801 with 2 s count accumulation per step. The
crystal phase was identiﬁed with the help of the JCPDS cards.
The calculations and analyses based on the XRD data were
assisted by the THX application software and the peak ﬁtting
was acquired according to a pseudo-Voigt proﬁle function.
The lattice parameters were calculated with the application of
least-squares reﬁnement of cell dimensions from powder data
by Cohen’s method. The average crystallite size of the mixed
oxides was estimated according to Debye–Scherrer equation.
The speciﬁc surface areas of the catalysts were measured
using the N2 adsorption isotherm at 196 1C by the four-point
BET method with an automatic surface analyzer (Quanta-
chrome NOVA 4000 instrument). The samples were degassed
under vacuum at 200 1C for 2 h.
The X-ray photoelectron spectroscopy (XPS) experiments
were carried out on a PHI-Quantera SXM system equipped
with a monochromatic Al Ka X-rays under UHV (6.7 108
Pa). A 100 mm spot size was used for analysis. Sample
charging during the measurement was compensated by an
electron ﬂood gun. The electron take off angle was 451 with
respect to the sample surface. The XPS data from the regions
related to the C 1s, O 1s, Zr 3d, Ce 3d and Sr 3d core levels
were recorded for each sample. The binding energies were
calibrated internally by the carbon deposit C 1s binding energy
(BE) at 284.8 eV.
The high resolution micrographs were taken by a JEOL 2011
high resolution transmission electron microscope (HRTEM),
operating at 200 kV. Before the observations, the powder
samples were diluted in ethanol and dispersed by ultrasonic.
Afterward, a drop of each solution was deposited on a Cu grid
coated by a holed carbon ﬁlm and dried in air. Image analysis
was performed on digitized images using Digital Micrograph
3.5.2. Digital diffraction patterns (DDPs) corresponded to the
log-scaled power spectrum of the corresponding fast Fourier
transformations (FFTs).
H2-temperature-programmed-reduction (H2-TPR) was per-
formed on Autochem II 2970. Prior to the reduction measure-
ment, 50 mg sample was pretreated in He at 500 1C for
30 minutes and then cooled down to 40 1C. For the reduc-
tion test, a ﬂow of 10%H2/He was then introduced into the
system at 30 ml min1. The samples were then heated up to
800 1C at a rate of 10 1C min1.2.3. Oxygen storage capacity (OSC) measurement
OSC measurements were carried out in a ﬂow reactor system,
designed for powder samples and equipped with solenoid
valves for rapid introduction of 4%CO/He pulses. Typically,
25 mg powders were loaded into a quartz tube reactor and a
total gas ﬂow rate of 300 ml/min was employed. The channels
at 28(CO), 32(O2), 44(CO2), 4(He) and 40(Ar) m/z in the outlet
gas were detected by an on-line mass spectrometer (Omnistar
200, Switzerland) at 0.1 s intervals. Two forms of OSC
measurements, including CO-step and successive CO pulse,
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(SOSC) and oxygen storage complete capacity (OSCC),
respectively.
Prior to the measurements, the samples were all oxidized by
O2 for 20 min and then ﬂushed by He for 30 min. We assumed
that the ceria species in the materials entirely existed in the
form of Ce4þ after this pretreatment. In the CO-step measure-
ment, OSC measurement was operated at certain temperatures
by injecting CO/He on the samples with duration of 110 s.
SOSC was quantiﬁed in terms of micromole of CO2 per gram
of catalyst ðmmolCO2 gcat1Þ by integrating the concentration
of CO2 produced during the test. The successive CO-pulse
test is consisted of 10 cycles of 5 s CO/He injection with 40 s
He-ﬂow outgassing between two CO pulses. The OSCC was
quantiﬁed by integrating the concentration of CO2 produced
in the ﬁrst ten CO/He pulses.3. Results and discussion
3.1. Structural and textural properties
Fig. 1 shows the XRD patterns of all the samples. The main
peaks are consistent with the characteristic peaks of ﬂuorite
structure, which indicates the formation of CeO2–ZrO2 (–SrO)
solid solutions. An unsymmetrical (220) diffraction peak of
CZa was observed for both PtCZa and PtSrCZa samples,
since they have the same support material, i.e. CZa. For
PtCZSa, no diffraction peaks for Sr-containing compoundsFig. 1 XRD patterns of Pt-supported catalysts.
Table 1 Structural and textural properties of Pt-supported catal
Samples SBET (m
2 g1) Crystallite size
of oxides (nm)
Lattice
parameter (
PtCZa 1.1 20.6 5.355
PtCZSa 5.1 17.3 5.346
PtSrCZa 1.1 19.7 5.357
aMeasured by H2 chemisorption at room temperature.
bAccording to the equation mentioned in literature [22].were detected, which may be resulted from the insertion of
Sr2þ into the CZ lattice. In the case of PtSrCZa, however, a
small portion of Sr(NO3)2 phase and SrZrO3 (orthorhombic)
phase were observed. The former is ascribed to the incomplete
decomposition of Sr precursor, while the latter is ascribed to
the coordination between those Zr4þ extracted from CeO2–
ZrO2 and the impregnated Sr
2þ. As we have stated in our
previous work [20], the difference between the ﬂuorite and
orthorhombic lattice structures requires a reorganization of
the atoms at the interface of SrZrO3/CeO2–ZrO2 mixed oxides,
which is considered to be primarily responsible for the
creation of highly active oxygen and consequently be bene-
ﬁcial for OSC properties. No diffraction peaks for Pt species
were observed for all samples, suggesting the high dispersion
of Pt on the supports.
According to Bragg’s law and Debye–Scherrer Equation,
we calculated the lattice parameters and crystallite sizes of all
the samples, and Table 1 lists the results. For comparison, we
also applied Vegard’s law to calculate the theoretic lattice
parameters. Vegard’s law for ceria-based solid solutions is
expressed in Eq. (1) [21]:
a¼ 5:411þ
X
ð0:0220Drk þ 0:0015DzkÞmk ð1Þ
where k means the dopant; the ionic radius difference between
doped element and Ce is obtained from Drk¼rkrCe; the
valence difference is derived from Dzk¼zkzCe; the mk stands
for the molar percentage of the dopant k and 5.411 A˚ is the
lattice constant of cubic CeO2. The ionic radii (Pauling) taken
for calculation are as follows: 0.84 A˚ for Zr4þ and 1.26 A˚ for
Sr2þ. For the calculation using Eq. (1), it was assumed that all
Ce exists in the form of Ce4þ (0.97 A˚), while all Sr2þ cations
are incorporated in the lattice of CZ for CZSa and are
dispersed on the surface of CZ for SCZa. Pt is assumed to
be dispersed on the surface of supports and hardly affected the
bulk structure of the supports. In this way, the theoretic lattice
parameter of PtCZa equals that of PtSrCZa and is a little
smaller than that of PtCZSa.
As shown in Table 1, the experimental lattice parameters of
all samples are slightly larger than the theoretic values. The
expansion of lattice is induced by the following reasons: (i) the
existence of Ce3þ (1.14 A˚), which is much larger than Ce4þ; (ii)
the phases segregation with different Zr-contents, especially in
PtCZa and PtSrCZa. It is interesting that the theoretic lattice
parameter of PtCZSa is larger than that of PtCZa while the
experimental result is the opposite. This is probably due to
the synergetic effect of Sr2þ doping. Compared with PtCZa,
the larger lattice parameter of PtSrCZa may be caused by the
inward diffusion of Sr2þ and partially insert into the lattice of
CZa during the 700 1C calcination. In addition, it can be
concluded from the crystallite size and BET surface area ofysts.
A˚)
Theoretic lattice
parameter (A˚)
Dispersion
of Pt (%)a
Crystallite size
of Pt (nm)b
5.317 13.3 8.3
5.340 10.7 10.3
5.317 16.8 6.5
Fig. 2 HRTEM images of (a) PtCZa, (b) PtCZSa and (c) PtSrCZa. (The insets are the DDPs of metal and ceria-based particle in the
selected regions.)
Table 2 Surface elemental composition and atomic ratio of the catalysts measured by XPS.
Samples Surface elemental
composition (at%)
Oads Ce/Zr Olatt/
(CeþZrþ2Srþ2Pt)
Oxidation state of Pt Oxidation state of Ce
Ce
3d
Zr
3d
Sr
3d
Pt
4f
Olatt
1s
Pt2þ/Pt
(%)
Pt4þ/Pt
(%)
Ce3þ/Ce
(%)
Ce4þ/Ce
(%)
PtCZa 8.26 6.12 0 5.64 42.96 37.03 1.34 1.67 44.3 55.7 20.7 79.3
PtCZSa 10.89 8.40 2.58 1.20 40.22 36.71 1.29 1.50 41.4 58.6 20.3 79.7
PtSrCZa 2.77 5.75 8.40 5.89 19.60 57.60 0.48 0.53 9.8 90.2 27.2 71.8
Fig. 3 Ce 3d spectra for Pt-supported catalysts.
R. Ran et al.10PtCZa and PtCZSa, that the incorporation of Sr2þin CZ
lattice can effectively improve the thermal stability and the
textural structure of the mixed oxides.
To investigate the effect of Sr on the micro-structural
features of the catalysts, the HRTEM images of all samples
were collected and compared in Fig. 2. In Fig. 2a–c, the
morphology of PtCZa, PtCZSa and PtSrCZa is shown in a
scale of 5 nm. To assist the phase recognition, the DDPs
(shown in the insets) obtained by means of FFTs are also
applied to analyze the micrographs in a smaller scale.
According to the diffraction patterns, ceria-based materials
with cubic ﬂuorite structure and Pt crystallite with face-cubic
structure are clearly distinguished. It is obvious that CZa and
CZSa are well crystallized while SrCZa presents a low crystal-
linity. Accordingly, we can also observe regularly arranged
atoms in the zone of Pt/support interface, focusing on
HRTEM images of PtCZa and PtCZSa. However, the metal
and supports particles are separated by an amorphous phase
in the case of PtSrCZa. Considering the preparation method,
the amorphous phase should origin from the impregnated Sr
species scattered on the surface of CZa and be responsible for
the low crystallinity of PtSrCZa.3.2. XPS results
The surface composition and atomic ratios are measured by
XPS and the results are listed in Table 2. PtSrCZa shows a
much higher surface Sr content than PtCZSa, which is on
account of the preparation method. Seen from the column of
Ce content and Ce/Zr ratio, the extremely low value for
PtSrCZa imply that the impregnated Sr preferentially cover
the site of Ce cations. The oxidation states of Ce, Pt and O were
analyzed by ﬁtting the curves of Ce 3d, Pt 4f and O 1s spectra
obtained from XPS measurements. As shown in Figs. 3 and 4,
the curves of Ce 3d and Pt 4f spectra are ﬁtted in accordancewith the method reported elsewhere [23,24]. The relative
percentages of the cerium species and Pt species are obtained
by the area ratios of Ce4þ 3d5/2 (v, v00 and v000)/Ce
3þ 3d5/2 (v0)
and Pt4þ 4f7/2/Pt
2þ 4f7/2, respectively. According to the columns
of Pt4þ/Pt and Pt2þ/Pt in Table 2, it is obvious that Pt exists
mainly in the form of Pt4þ in PtSrCZa, while the relative
content of Pt4þ in PtCZa and PtCZSa drops signiﬁcantly to the
value below 60%. Meanwhile, the contents of Ce3þ in Ce follow
the same trend. This phenomenon may imply the interaction
between Ce and Pt: Pt4þþCe3þ-Pt2þþCe4þ. The contact of Pt
and Ce can facilitate the transfer of electron from the support
to the metal. Hereby, the precious metal in PtCZa and PtCZSa
is readily reduced to a relatively low valence state. In PtSrCZa,
however, a portion of precious metals are isolated from CZa
supports by the impregnated Sr species, which apparently
retards the metal–support interaction.
Fig. 4 Pt 4f spectra for Pt-supported catalysts.
Fig. 5 O 1s spectra for Pt-supported catalysts.
Fig. 6 H2-TPR proﬁles for Pt-supported catalysts.
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chemisorbed oxygen (Oads) and lattice oxygen (Olatt). In order to
distinguish the two types of oxygen, the spectra for the O 1s
ionization feature are numerically ﬁtted with two Gaussian–
Lorenz features according to the previous literature [25]. The
relative percentages of such two oxygen species are quantiﬁed
based on the area ratios of Olatt to Oads peak. It is found that the
Sr species in PtSrCZa remarkably promote the chemi-sorption
capacity, which is relevant to their basicity. Meanwhile, it is worth
noting that the atomic ratios of Olatt/(CeþZrþ2Srþ2Pt) of Sr-
containing samples are much lower than that of PtCZa. This
observation suggests the abundance of oxygen vacancies in
PtSrCZa, which are created in order to maintain the charge
equilibrium after the dope/impregnation of Sr2þ [10,26].
3.3. TPR
Fig. 6 illustrates the H2-TPR results of Pt-supported catalysts.
PtCZa and PtCZSa show a similar H2 consumption proﬁle.The peaks at the temperature below 0 1C are ascribed to the
reduction of platinum oxides [27] and those at 95 1C are
assigned to the reduction of ceria-based mixed oxides [28]. The
liable oxygen atoms on the surface and in the bulk of the
mixed oxides are released with the assistance of the spillover
effect induced by precious metal at this temperature. The peak
intensity of PtCZSa is higher than that of PtCZa, reﬂecting the
higher reducibility of PtCZSa. However, the reduction peaks
of PtSrCZa show different shape in comparison to those of
PtCZa and PtCZSa. Its ﬁrst peak appears at 35 1C, which
should be attributed to the reduction of platinum oxides. It
presented a much higher intensity and moved towards higher
temperature than the ﬁrst peak of PtCZa and PtCZSa. Such
phenomenon is considered to be related to the Sr distribution.
As shown in the XPS results, the metal–support interaction is
interrupted by Sr species, leading to the lower reducibility of
platinum oxides and higher Pt4þ content in Pt species. Pt
oxides in PtSrCZa are therefore reduced at higher temperature
and consumed more H2 in the TPR test. The peak for the
reduction of ceria-based mixed oxides appears at 105 1C,
which is also higher than those of PtCZa and PtCZSa. This
is probably attributed to the shield of Ce species by irreducible
Sr species.
The peaks at 590 1C are assigned to the reduction of un-
promoted ceria–zirconia mixed oxides [24]. Compared with
the case of PtCZa and PtCZSa, the higher H2 uptake at this
temperature for PtSrCZa is ascribed to the isolation of Pt
from CZa by Sr as well. Since the spillover effect was
disturbed by the impregnated Sr, more SrCZa oxides are
reduced at higher temperature. For PtSrCZa, a reverse peak of
H2 is dramatically observed at 315 1C, which is absent from
the proﬁle of SrCZa oxides (not shown here). This is probably
attributed to a certain Pt–Sr synergistic effect.
3.4. Oxygen storage capacity
The reactions occurred during the OSC tests are listed as
follows:
COþPtO2-PtOþCO2 (2)
R. Ran et al.12COþPtO-PtþCO2 (3)
2COþ4CeO2-2Ce2O3þ2CO2 (4)
Obviously, the OSC is determined by the portion of metal
oxides and Ce-related components in the mixed oxides which
participate in the reduction reactions. Since the reduction of
ceria is composed of surface reduction and bulk reduction, the
OSC also can be expressed by the following equation:
OSC¼OSCPtþOSCsurfþOSCbulk (5)
where OSCPt, OSCsurf and OSCbulk refer to the OSC con-
tributed by the platinum oxides, surface reduction and bulk
reduction of Ce-related components, respectively.
The OSCPt and OSCsurf values are estimated by introducing
two hypotheses: (i) if all the Pt atoms could be oxidized to Pt2þ
or Pt4þ in the pretreatment and reduced to Pt0 in the CO ﬂow,
the OSCPt value would be ﬁgured in the range of
102:62205:2mmolCO2 gcat
1; (ii) according to literature [29],
Ce0.68Zr0.32O2 has a theoretical OSC of 3.8 mmol0 O0 m
–2 assum-
ing that there is no surface segregation of the Ce4þ and Zr4þ
cations and an equal distribution of the (1 0 0), (1 1 0), and
(1 1 1) planes. Meanwhile, it is noted that the theoretical number
of surface oxygen atoms (atoms-O nm2) differs by no more
than 1.5% in the case of CexZr1xO2 (x40.5) in either cubic or
tetragonal crystal structure. So we can take the same value of
3.8 mmol CO2 m
2 for our mixed oxides of a similar composition
(Ce:Zr¼67:33). Taking the BET surface areas in Table 1 into
consideration, the theoretical OSC supplied by monolayer
(OSCsurf) of PtCZa, PtCZSa and PtSrCZa are consequently
ﬁgured as 4.2, 19.4 and 4:2mmolCO2 gcat
1, respectively.
The SOSC results tested at the temperature range of 300 to
500 1C are shown in Fig. 7. It is obvious that PtCZSa shows the
highest SOSC in the whole temperature range, and the SOSC
even reaches 620mmolCO2 gcat
1 at the temperature of 300 1C.
Combined with the estimated value mentioned above, we can
conclude, that both surface and bulk oxygen can be released at
300 1C beside the oxygen in platinum oxides. Compared with the
other two samples, the larger contribution of bulk oxygen for
PtCZSa indicates the promoted oxygen mobility introduced by
Sr-doping, which agrees with the TPR results. Additionally, the
SOSC values for PtCZa and PtSrCZa at 300 1C are as low as theFig. 7 Static OSC of Pt-supported catalysts at different
temperatures.estimated value of OSCPt. Actually the experimental OSCPt
should be smaller than the estimated value, since the atoms in
the bulk of Pt crystallites could hardly participate in the
reduction reactions. Therefore, a certain portion of Ce species,
especially the surface Ce ions and partial lattice Ce ions, may
also have been reduced at this temperature.
It is interesting to ﬁnd that the curves of SOSC values for
PtCZa and PtSrCZa intersect at 400 1C. PtCZa shows larger
SOSC at the temperature below 400 1C while smaller OSC at
the temperature above 400 1C. Different from the oxidation of
H2, the oxidation of CO on the surface of catalysts relies on a
so called back-spillover effect [30] and the procedure of bulk
oxygen reduction can be expressed as follows:
COþn-COn (6)
Obulk-Osurf (7)
Osurf-O
n (8)
COnþOn-CO2 n (9)
CO2-CO2þn (10)
where reaction (6) means the chemisorption of CO on the
active sites of Pt; reaction (7) represents the diffusion of
oxygen from the bulk to the surface of CZ; reaction (8) is the
back-spillover procedure, i.e. the oxygen atoms diffuse from
the surface of support to the surface of the Pt; reaction (9) is
the formation of CO2 and (10) is the desorption of CO2.
Obviously, the transport of oxygen between Ce-related com-
ponents and metals plays a key role in the oxygen storage/
release process. The XPS results in Section 3.2 reveal that the
electron transfer between support and metal is blocked by Sr
species. Accordingly, the worst SOSC of PtSrCZa is consid-
ered to be related to the distribution of Sr on the support that
obstructs the back-spillover procedure. At low temperature,
the cover of Sr on the surface of CZa may retard the diffusion
of oxygen from support to the metal. With the rise of
temperature, the thermal motion of oxygen atoms is intensi-
ﬁed and the barrier induced by the impregnated Sr species is
gradually penetrated. As mentioned in the XRD result, a
portion of Sr can partially be inserted in the lattice of CZa via
impregnation, which implies more defects and higher oxygen
mobility in SrCZa than in CZa. Hereby, the SOSC of PtSrCZa
grows faster in comparison to PtCZa and even approaches to
the value for PtCZSa at 550 1C.
Fig. 8 presents the OSC results tested at 500 1C under the
successive pulse mode. The amount of the most readily releasable
oxygen (‘‘fast’’ OSC, FOSC) of the oxides is quantiﬁed by the
amount of oxygen species which are consumed during the ﬁrst
CO pulse, and the results follow the sequence of PtCZSa4
PtSrCZa4PtCZa. Combined with the assumptions mentioned
above, it is obvious that the FOSC values are all larger than the
upper bound of OSCPtþOSCsurf, which implies that some bulk
oxygen is involved in during the ﬁrst CO pulse at 500 1C.
According to literatures [31], the rate-limiting step of the bulk
oxygen reduction is the diffusion of oxygen from the bulk of the
support to the surface. Therefore, the larger contribution of
OSCbulk in FOSC implies higher oxygen diffusion rate in the
bulk. In the case of PtCZSa, if we ﬁgured the estimated values of
OSCPt and OSCsurf as 205.2 and 19:4mmolCO2 gcat
1, respec-
tively, the value of OSCbulk can reach larger than the value of
355:4mmolCO2 gcat
1. This value is even larger than the FOSC
Fig. 8 OSC measured at 500 1C under OSCC mode.
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of PtCZa and PtSrCZa, which implies that the diffusion rate of
bulk oxygen in PtCZSa is much higher than those in PtCZa and
PtSrCZa. According to the TPR results, the higher oxygen
mobility in the bulk of PtCZSa should be due to the lattice
distortion and vacancies that introduced by the incorporated
Sr2þ. The FOSC of PtSrCZa, which is 25mmolCO2 gcat
1 higher
than that of PtCZa, may be resulted from the reduction of more
Pt4þ (as shown in XPS results).
The oxygen released during the 2nd to the 10th pulse is
considered to be purely from the bulk of the support. With the
increase of the pulse number, the amount of the released oxygen
gradually tends to be the same for the samples, indicating the
similar oxygen mobility when the reduction penetrates into the
‘‘deep-seated’’ bulk of the support. The result that PtSrCZa
shows the slightly larger amount of released oxygen than PtCZa
may origin from the inward diffused Sr2þ.4. Conclusions
Sr2þ is incorporated or partially incorporated into the lattice
of ceria-based oxides by doping or impregnation methods.
The ionically incorporated Sr can notably improve the OSC
properties by creating oxygen vacancies and enhance oxygen
mobility. However, the highly enriched Sr species impregnated
on the surface of CZa interrupt the Pt/Ce interface for charge
transfer, and consequently it maintains the precious metal at a
relatively higher oxidative state. The preferential coverage of
Ce by Sr also disturbs the back-spillover of oxygen atoms at
low temperature, restricting the promotion of OSC perfor-
mance. Nevertheless, the back-spillover procedure can be
accelerated with the increase of temperature, and the enhance-
ment of oxygen mobility induced by the inward diffused Sr
gradually becomes visualized.Acknowledgments
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